Energy requirements and greenhouse gas ͑GHG͒ emissions for current landfilling of municipal solid waste ͑MSW͒ was compared to potential biodegradation of MSW in anaerobic digesters ͑AD͒ throughout the United States. A hybrid life-cycle analysis was completed to assess the potential for anaerobic biodegradation of MSW to methane, a valuable energy source. Conversion of MSW to methane in AD would generate a form of renewable energy, reduce GHG emissions, and save landfill space for nonbiodegradable materials. Based on laboratory-and pilot-scale studies conducted in the United States, full-scale data from facilities in Europe, and economic input-output life-cycle analysis, the annual 127 million t of MSW landfilled in the United States could be biologically converted to 5.9 billion m 3 of methane. Net methane production would have an estimated value of $1.5 billion/year when converted to an equivalent amount of electricity at an assumed value of $0.1/kWh. The 15 billion kWh/year of renewable energy released through the biodegradation process is estimated to satisfy the annual consumption of 1.3 million United States households. The analysis also suggests that diversion of MSW from landfills to AD systems would result in GHG emissions reductions of 146 million t CO 2 e per year, due to decreased landfill activity and use of biogenic methane instead of fossil fuel for electricity production. This represents a reduction in total emissions of 1.9% compared to U.S. GHG emissions in 2006. Nationwide AD systems are projected to reduce cumulative energy consumption by nearly 15 million TJ and reduce GHG emissions by 7.2 billion t CO 2 e, over a 50-year period. Logistics and capital costs of developing a nationwide reactor-based system for MSW management are considerable. Development of appropriate national policy and incentives would be needed to stimulate such a transition from the current landfill-based system that currently exists. It is estimated that a carbon emissions credit on the order of $30 to $60/t CO 2 e would facilitate break-even economics for nationwide implementation of AD systems. Alternatively, renewable energy credits would enhance the value of electricity produced from AD biogas. Carbon emissions taxes on landfills would further improve the economics of AD systems.
Introduction
The EPA estimates per capita production of municipal solid waste ͑MSW͒ in the United States at 2.1 kg/day with total annual MSW production at 254 million t ͑U.S. EPA, Office of Solid Waste 2008͒. Currently, 54% of MSW is disposed in landfills across the United States. Under anaerobic conditions, the organic fraction of municipal solid waste can be biologically converted to methane, which is a source of renewable energy. Methane fermentation of MSW occurs naturally in landfills; however, unintended losses from landfills represent significant greenhouse gas ͑GHG͒ emissions in that methane has a global warming potential ͑GWP͒ 21-25 times that of carbon dioxide ͑Forster et al. 2007; Houghton et al. 1996͒ . Despite the requirement to collect gas in active landfills, approximately 25% of the biogas produced in landfills is inadvertently leaked to the atmosphere ͑U.S. EPA 2009͒. In 2002, landfill gas leakage was responsible for 3% of total U.S. GHG emissions ͑U.S. EPA, Office of Atmospheric Programs 2008͒. Furthermore, release of gas from landfills has been estimated at 8% of atmospheric methane ͑Chynoweth 1992͒. Global warming and resultant climate change implications are widely recognized by the scientific community and significant decreases in carbon emissions are recommended ͓Intergovernmental Panel on Climate Change ͑IPCC͒ 2007͔.
Many of U.S. landfills collect and convert methane to carbon dioxide with an on-site flare. Whereas conversion of biogenic methane to carbon dioxide in a flare represents natural cycling of carbon ͑and therefore no net increase of GHG emissions͒, this practice wastes a valuable energy source. Renewable energy from biodegradation of MSW to methane would reduce fossil fuel consumption and GHG emissions. In Western Europe ͑i.e., Belgium, Germany, Italy, Switzerland, France, Spain͒, engineered anaerobic biodegradation of MSW has been employed full scale since the 1980's ͑De Baere 2000͒. Among countries in the European Union, environmental policy promotes the application of invessel anaerobic biodegradation of MSW and discourages landfilling of the organic fraction of MSW ͑Vandevivere et al. 2003͒ .
Given the potential for MSW biodegradation, this study was completed to compare the life-cycle GHG emissions and energy requirements of nationwide anaerobic digesters ͑ADs͒ with landfills in the United States. Biogas from AD systems would subsequently be employed for electricity generation and would reduce fossil fuel consumption and GHG emissions.
Anaerobic Reactors for MSW Biodegradation
The fundamentals of anaerobic biodegradation of wastes have been developed over the past 50 years ͑McCarty 1964; McCarty and Smith 1986; Speece 1983͒ . Whether in a landfill or engineered reactor, anaerobic bioconversion of MSW is initiated by hydrolytic bacteria that facilitate solubilization of particulate matter. Resultant dissolved complex organics are subsequently converted in stepwise fashion to simple carbon compounds and hydrogen, which serve as precursors for methane production. Anaerobic reactors are superior to landfills in that they offer much better process control, more rapid biodegradation and methane production, and essentially complete capture of methane. Application of anaerobic biotechnology to MSW was investigated in the United States during the 1970s and 1980s ͑Isaacson and Pfeffer 1987; Pfeffer 1974a,b͒; however, full-scale application was limited due to relatively low fossil fuel costs and diminished interest in renewable energy. Subsequently, application of anaerobic biodegradation of MSW in Western Europe was initiated in the 1980s and by 2006, full-scale installation totaled 120 facilities ͑De Baere 2006͒.
This analysis employs 2006 data, wherein 127 million t MSW was directed to landfills ͑U.S. EPA, Office of Solid Waste 2008͒, for consistency with estimated 2006 gaseous emissions from landfills, flares, and landfill gas-to-energy systems ͑U.S. EPA, Office of Atmospheric Programs 2008͒. To estimate methane production and emissions from the potential implementation of anaerobic biodegradation of MSW, a conceptual design of a reactor facility was prepared based upon full-scale applications in Western Europe along with data developed in our laboratory. In Western Europe, anaerobic process configurations that are employed for organic solid wastes include aqueous single-and twophase systems, and "dry" reactors. All configurations have been evaluated at mesophilic ͑35°C͒ and thermophilic ͑55°C͒ conditions. Whereas aqueous-phase systems and dry mesophilic systems are acceptable for "green wastes" ͑kitchen waste residue and landscape wastes͒, dry thermophilic systems are well suited for the organic fraction of MSW in the United States ͑De Baere 2000͒. Because MSW in the United States is not typically separated by homeowners into green waste and gray waste ͑i.e., solid waste other than green waste͒, aqueous-phase systems are problematic due to sedimentation of inorganic fractions. Furthermore, thermophilic operation provides a higher rate and extent of biodegradation.
The conceptual anaerobic system for potential implementation in the United States employs a dry single-stage thermophilic reactor and related major components. Based on MSW throughput capacity of dry digesters in Western Europe, each hypothetical AD facility in the United States was assumed to have a capacity of 50,000 t of MSW per year ͑Dierick, Organic Waste Systems, personal communication January 30, 2009͒. Each facility would include methane-to-electricity conversion technologies ͓assumed to be internal combustion engines with combined heat and power ͑IC-CHP͒ systems for this analysis͔. Also, existing landfill capacity would be needed to manage the nonbiodegradable fraction of MSW and solid-phase residue ͑digestate͒ from the AD. Our concept assumes that AD facilities would be located relatively close to major population centers, which are points of waste generation. This would reduce transportation costs ͑and associated GHG emissions͒ and provide a local demand for biogenic methane from MSW. A flow diagram of the conceptual AD facility is shown in Fig. 1 . Major components of the facility include the AD, comminuting drum, conveyors, feed pump, gas storage tank, IC-CHP system, and related piping and electrical components ͑Organic Waste Systems 2003͒.
As noted in Fig. 1 , the biodegradation facility is expected to convert approximately 18% of input MSW into biogas ͑14 of 76 million t fed to digesters would be destroyed͒. Incoming MSW would be reduced in size to improve biodegradability, and sorted in the comminuting drum. Based on full-scale performance in Europe, 40% of incoming waste will not achieve adequate size reduction and will subsequently be rejected ͑Organic Waste Systems 2003͒. The rejected waste may be sorted for recyclable materials, which are assumed to comprise 25% of rejected MSW, and the remaining fraction would be landfilled.
Size-reduced MSW would be directed to the AD for bioconversion to methane. Solid-phase residue from the reactor, known as digestate, would be landfilled. However, additional processing of digestate offers the potential to realize a useful soil conditioner and substantial reduction in the amount to be landfilled ͑Organic Waste Systems 2008͒. For this analysis, MSW is assumed to consist of 50% total solids, 65% volatile solids, biodegradability of the volatile solids is assumed to be 55%, gaseous output from the bioreactor is 140 m 3 / t of waste input, and the gas methane content is 55% ͑Organic Waste Systems 2003͒. Similar laboratory and pilot-scale measurements have been observed locally ͑DiSte-fano et al. 2004͒ . We have also briefly considered the beneficial effects of treating reactor digestate with heat and caustic, which is expected to result in a doubling of unit gas production ͑280 m 3 / t͒ and similar improvement in solids destruction ͑DiS-tefano and Ambulkar 2006͒.
For the purpose of this analysis, the life-cycle net energy requirements and emissions produced by current landfill activity were determined and compared to the hypothetical nationwide implementation of AD facilities. For simplicity, MSW production and characteristics are assumed to be uniform across the United States and no adjustments were made for possible geographic differences in MSW characteristics. This study assumes that every ton of the organic fraction of landfilled MSW would be processed in an AD before resultant digestate is landfilled. Based on reactor facility capacity of 50,000 t of MSW per year, nationwide construction and operation of 2,540 facilities would be required to process 127 million t per year. The design lifetime of the digester facilities is assumed to be 25 years ͑DeBaere, Organic Waste Systems, personal communication, December 12, 2008͒.
EIO-LCA of Municipal Solid Waste
This study utilizes an economic input-output life-cycle assessment ͑EIO-LCA͒ as developed by Hendrickson et al. ͑Hendrick-son et al. 1998 . The model estimates the effects of economic activity in specified industries across the entire U.S. economy, which is divided among 491 industrial sectors. It is important to consider the entire economy in order to include the effects of equipment manufacturing and construction facilities and to determine the true environmental cost of industrial activity. For example, the economic activity and environmental effects associated with production of electricity from fossil fuels is not limited to activity in a power plant. Costs of transportation, refining, and mining must be considered, as well. The EIO-LCA model calculates the effects of economic activity, in a specified industry sector, in terms of resulting economic activity, GHGs expressed as carbon dioxide equivalent ͑CO 2 e͒ emissions, conventional air pollutants, energy consumption, toxic releases, and employment. The EIO-LCA model was used herein to calculate CO 2 e emissions due to current landfill activity and potential CO 2 e emissions after hypothetical implementation of nationwide AD systems. EIO-LCA data, authoritative sources, and biodegradation data from our laboratory were employed to compare net energy requirements. The advantage of the EIO-LCA model is that gaseous emissions from all aspects of landfill operation can be estimated. For example, emissions from biogas leakage from landfills, MSW collection, and energy consumption by a landfill are all accounted for.
This analysis assumes that routine landfill fees ͑i.e., "tipping fees"͒ for MSW disposal include amortized costs of future landfill expansion. Therefore, energy requirements and GHG emissions due to construction of additional landfill capacity are incorporated into annual projections of CO 2 e and energy requirements, rather than instantaneously on some future date. We have not accounted for the potential future costs of severe environmental damage from landfills ͑i.e., ground water contamination from leachate͒, differences in future land requirements between landfill and digester facilities, or societal costs.
For nationwide implementation of AD systems, EIO-LCA and process-specific data were employed in segments to consider the net energy requirements and GHG emissions due to ͑1͒ manufacturing of AD systems; ͑2͒ collection and transport of MSW to digester facilities; ͑3͒ continued ͑albeit reduced͒ landfill operation; ͑4͒ replacement of digester facilities at the design lifetime; and ͑5͒ conversion of biogenic methane to electricity and reduction of fossil fuel conversion to electricity at conventional power plants.
Because EIO-LCA is based on 1997 economic data, all economic activity was therefore adjusted to equivalent 1997 dollars, as needed. To obtain appropriate economic activity for input to EIO-LCA, the following average annual Consumer Price Index ͑CPI͒ values were employed, with corresponding years: 160.5 ͑1997͒, 179.9 ͑2002͒, 184.0 ͑2003͒, 201.6 ͑2006͒, 207.3 ͑2007͒, Table 2 is presented to illustrate the distribution of GHG emissions from the top five industrial sectors of the U.S. economy related to solid waste and remediation services. In the EIO-LCA model, the amount of emissions is proportional to the economic activity in the industry sector. Therefore, the distribution of emissions can be determined without a specified amount of economic activity. As shown in Table 2 , EIO-LCA considers emissions from other industries affected by the economic activity. However, Table 2 also shows that activity in the landfill industry barely impacted other sectors of the economy. As shown, most of the emissions result from the waste and remediation services sector, which accounted for 94% of the total CO 2 e emissions. Regarding individual GHGs, 99% of methane emissions are the result of landfill activity; this is intuitive and supports the legitimacy of the EIO-LCA approach. Note that 100% of the emissions are not necessarily accounted for because only the five largest contributors are included in Table 2 .
A summary of EIO-LCA energy requirements and annual GHG emissions from current landfill activity is shown in Table 3 ͑limited to the top five industry sectors that contribute emissions from the economic activity͒. EIO-LCA total GHG emissions of 243 million t CO 2 e ͑192 million t CO 2 e from methane͒ are in agreement with the 249 million t CO 2 e ͑from landfill emissions͒ estimated by EPA. Comparison of EPA-estimated emissions with methane emissions from EIO-LCA suggests that landfill activities are responsible for the majority of total emissions as determined by EIO-LCA; furthermore, emissions related to other activities associated with landfilling are relatively small. It is therefore assumed that the difference ͑in EIO-LCA GHG emissions͒ between total CO 2 e and methane ͑as CO 2 e͒ is primarily due to MSW collection, which is included in EIO-LCA.
From EIO-LCA, annual energy requirements ͑electricity and primary energy͒ are 748,000 TJ for current landfill activity. Table  3 data are in agreement with the distribution from Table 2 , showing similar percentages for each industry sector and each GHG. The majority of CO 2 e ͑79%͒ is from methane emissions, which are almost entirely from the waste and remediation services sector ͑99%͒.
Potential Emissions from Nationwide Anaerobic Digester Implementation
To estimate the implications ͑of diverting MSW from landfills to ADs͒ on energy and emissions, the effects of construction and operation were considered. To achieve this, the EIO-LCA model was used, as described previously, to estimate potential emissions and energy consumption from the implementation of ADs to bio- degrade the organic fraction of MSW. Emissions and energy consumption were estimated from the EIO-LCA model and processspecific data incrementally, with the following components:
• Collection and transport of MSW to AD facilities.
• Transport of rejected MSW and operation of landfills.
• Production of biogenic methane.
• Transport of digestate to landfills.
• Construction of AD facilities.
• Operation of AD facilities. Table 4 provides a summary of energy requirements and GHG emissions associated with each of these components.
For analysis of digester systems, a combination of EIO-LCA ͑with proportionate reduced economic activity of landfills͒ and various EPA sources were employed. The use of a combination of process-based data and EIO-LCA is known as hybrid LCA and likely reduces the degree of aggregation associated with EIO-LCA ͑Hendrickson et al. 2006͒.
Municipal Solid Waste Transport to AD Facilities
For the purpose of this study, it is assumed that the AD facilities would be constructed near major population centers to minimize emissions related to MSW collection and provide a local source of useable energy in the forms of methane and hot water. GHG emissions and energy requirements associated with the transportation of MSW to AD facilities were therefore estimated. Based on assumptions shown on Table 1 , ͑100 round-trip miles to each facility; 18 t per truck; 50,000 t MSW/year͒ 275,000 mi would be traveled per AD facility. Therefore, transport of MSW to 2,450 AD facilities would be approximately 700 million mi, nationwide. This represents 0.74% of the 94 billion total miles logged by heavy-duty vehicles on diesel fuel in the United States ͑U.S. EPA, Office of Atmospheric Programs 2008͒. The life-cycle effect of MSW to AD facilities was estimated from EIO-LCA by way of the truck transportation industry sector. Total economic activity of truck transport in 2006 was $222 billion ͑$177 billion in 1997 dollars͒ ͑U.S. Census Bureau 2007͒. From EIO-LCA, the trucking industry was responsible for total GHG emissions and energy consumption of 375 million t CO 2 e and 2.97 million TJ, respectively. Therefore, based on the proportion of expected total miles related to MSW transport to AD facilities, estimated GHG emissions and energy consumption would be 2.78 million t CO 2 e and 22,000 TJ, respectively. For comparison, emissions due solely to combustion of diesel fuel in trucks that hauled MSW to AD facilities was estimated at 1.32 million CO 2 e ͑based on 5 mi/gal ͑Research and Innovative Technology Administration 2009͒, 129,500 Btu/gal, and 19.95 Tg C/QBtu ͑U.S. EPA, Office of Atmospheric Programs 2008͒. Given that EIO-LCA encompasses all economic activity related to transport of MSW ͑including combustion of diesel fuel͒, it is logical that EIO-LCA emissions and energy requirements would be greater than those due to diesel fuel combustion alone. As shown in Table 4 , GHG emissions ͑2.78 million t CO 2 e͒ and energy requirements ͑22,000 TJ͒ from the trucking industry are used for this analysis.
Rejected Nonrecyclable Municipal Solid Waste
As shown in Fig. 1 , MSW ͑127 million t͒ would undergo size reduction and separation in a comminuting drum and sieve. It is assumed that 40% of incoming MSW will be rejected ͑Organic Waste Systems 2003͒ and 25% of the rejected fraction will represent recyclable matter. After removal of recyclables, the remaining fraction of rejected MSW would be directed to existing landfill capacity. GHG emissions and energy requirements for landfills associated with anaerobic digestion facilities were determined by EIO-LCA in direct proportion to quantities for current landfill activity. Therefore, the 38 million t of MSW that would be directed from size reduction to landfills are estimated by EIO-LCA to contribute 72.9 million t CO 2 e and require 224,000 TJ of total energy. Likely, the GHG emissions projections are overstated given that a large fraction of rejected MSW will not undergo significant biodegradation.
Biogenic Methane and Emissions Offsets
Size-reduced MSW from the comminuting drum and sieve ͑60% input MSW, or 76 million t͒ represents the organic fraction of MSW. The 76 million t would be processed via anaerobic digestion ͑AD͒, which is expected to achieve unit gas production of 140 m 3 / t MSW, comprised of 55% methane ͑Organic Waste Sys- tems 2003͒. Therefore, methane output from the digester is projected to be 5.87 billion cubic meters, annually. It is assumed that the AD facility will experience 1% fugitive methane loss, which would represent annual GHG emissions of 733,000 t CO 2 e, based on a GWP of 21͑Houghton et al. 1996͒. This analysis considers the GWP of methane to be 21 for consistency with EIO-LCA and EPA sources cited herein. The remaining 5.81 billion cubic meters of methane ͑208 trillion Btu͒ could be converted to 18.7 billion kWh electricity, based on the 9 ϫ 10 −5 kWh/ Btu net capacity factor for landfill-gas-to-energy systems and 1 , 012 Btu/ ft 3 methane ͑U.S. EPA 2009͒. After an assumed 20% consumption for on-site power requirements, the remaining 166 trillion Btu ͑54,000 TJ͒ would represent a renewable energy emission offset ranging from 8.8 million to 15.8 million t CO 2 e, if this biogenic power is employed to offset consumption of natural gas or coal, respectively. Note that the potential emissions offset values are based on EPA's estimates of 53 Tg CO 2 e / quadrillion Btu ͑QBtu͒ and 95 Tg CO 2 e / QBtu for natural gas and coal, respectively ͑U.S. EPA, Office of Atmospheric Programs 2008͒. Nationwide anaerobic treatment of MSW would therefore produce a net estimated 15 billion kWh of electricity. This is equivalent to the average annual requirement of 1.3 million U.S. households ͑Energy Information Administration 2009͒. Also, based on electricity cost of $0.10 per kWh, the electricity generated from nationwide digester-produced methane would be worth $1.5 billion. It is possible that net energy production could be at least doubled to 30 billion kWh ͑17 million to 31 million t CO 2 e offset͒ with heat and caustic treatment of digestate followed by subsequent anaerobic biodegradation ͑DiStefano and Ambulkar 2006͒.
Management of Digestate
Given the assumed characteristics of MSW and the expected performance of the AD system, the nationwide annual total mass of MSW degraded would be 15 million t ͑5,900 t at each of 2,543 facilities͒. The residual mass of MSW ͑digestate͒ from the AD is expected to undergo insignificant biodegradation and would be directed to existing landfill capacity; therefore, GHG emissions from digestate decomposition are expected to be relatively small and are not considered in this analysis. However, GHG emissions and energy requirements associated with transportation of digestate to landfills was estimated from EIO-LCA, as described previously for MSW transport to AD facilities • Therefore, nationwide collection of MSW ͑140 short tons͒ is responsible for 59.3 million t CO 2 e ͑15.8%͒ and 470,000 TJ, respectively, which is proportional to total trucking industrial activity.
• Finally, transport of 63 million t of digestate to existing landfills would be responsible for 29.2 million t CO 2 e and 232,000 TJ energy consumption, respectively. The life-cycle effect of hauling digestate to existing landfills can also be estimated within the waste management and remediation services sector of EIO-LCA. As discussed for the current landfill EIO-LCA analysis, the difference in CO 2 e emissions between total CO 2 e ͑243 million t CO 2 e͒ and methane ͑192 million t CO 2 e͒ is considered to be primarily due to MSW transportation ͑51 million t CO 2 e͒. Therefore, approximately 21% of total GHG emissions ͑51/243͒ are assumed to be due to MSW transportation. Based on this, transportation of 63 million t of digestate would generate total GHG emissions of 25.1 million t CO 2 e due to transportation. Again, because digestate represents the residual from anaerobic digestion, only GHG emissions due to transportation are considered relevant.
Note that 29.2 million t CO 2 e estimate, derived from EIO-LCA trucking industry is in general agreement with the total GHG emissions estimate of 25.1 million t CO 2 e ͑which was derived from EIO-LCA and the waste management and remediation sector͒. For this analysis, GHG emissions and energy requirements of 29.2 million t CO 2 e and 232,000 TJ are employed.
Anaerobic Digester Facility Construction and Operation
It is premature to declare an overall reduction in GHG emissions solely from the reduction of landfill activity and conversion of digester-produced methane to electricity. The life-cycle effect of construction and operation of AD facilities must be considered. To estimate emissions from the construction of potential AD facilities, EIO-LCA was employed and the relevant industry sector to model construction was "manufacturing and industrial buildings." The 2008 construction cost of each hypothetical AD facility is estimated at $23.6 million and annual operating costs ͑which include maintenance, labor, insurance, and laboratory services͒ amount to $1.11 million per year, ͑personal communication with B. Dierick, Organic Waste Systems, Jan. 30, 2009͒. For 2,543 AD facilities nationwide, the construction and operating costs would be $60 billion and $2.82 billion/year.
Each AD facility would be equipped with internal combustion ͑IC͒ engines with combined heat and power ͑CHP͒ systems. Costs for IC-CHP systems were estimated from 2003 capital and operating costs of $890/kW and $0.008/kWh respectively, as provided by EPA ͑U.S. EPA 2007͒. As previously stated, biogenic methane could be converted to 18.7 billion kWh, annually. This translates to 2.13 million kW of nationwide capacity; therefore, total capital and operating costs are estimated at $1.90 billion and $150 million/year, respectively ͑in 2003 dollars͒. With CPI values as described previously, costs in 2008 dollars are estimated at $2.22 billion and $176 million per year. Therefore, total nationwide construction and operating costs for AD facilities with IC-CHP systems would be $62.2 billion ͑$46.4 billion in 1997 dollars͒ and $3.0 billion/year ͑$2.24 billion/year in 1997 dollars͒, respectively.
Based upon the estimated construction cost, the EIO-LCA model ͑manufacturing and industrial buildings sector͒ indicates that construction of nationwide AD facilities would result in a release of 27.3 million t of CO 2 e and total energy consumption of 354,000 TJ. After the 25-year lifetime, the facilities are assumed to require replacement, which would result in identical emissions and energy requirements.
Next, GHGs emitted from the operation of the bioreactor facilities were considered. Because anaerobic digestion of MSW is not widespread in the United States, a single industry sector to appropriately represent the effect of economic activity of this sort is not available in the EIO-LCA model. This was addressed by apportioning operating costs among different industry sectors and the sum of the resulting emissions was used to estimate total emissions and energy requirements. The estimated annual operating cost for a digester facility with IC-CHP system is $1.18 million ͑$830,000 in 1997 dollars͒ and is comprised of maintenance, labor and laboratory services, and insurance costs ͑Dierick, Organic Waste Systems, personal communication, January 30, 2009͒. Table 4 shows the industry sectors to which the operation costs were apportioned along with the corresponding energy demand and emissions for nationwide AD facilities. As shown, nationwide annual operation and maintenance of AD facilities ͑with IC-CHP͒ would result in GHG emissions of 530,000 t CO 2 e. Because on-site energy requirements would be fulfilled by biogenic methane production, energy requirements for operation of AD facilities are not shown on Table 4 . Table 4 shows that collectively, all operations related to AD facilities would require 424,000 TJ energy and be responsible for GHG emissions of 90 million to 97 million t CO 2 e, annually. GHG emissions range from 90 million to 97 million t CO 2 e / year, dependent on whether natural gas or coal emissions would be offset, respectively. Given annual energy requirements of current landfilling activity ͑748,000 TJ͒, implementation of nationwide AD systems are estimated to save 324,000 TJ, annually. Likewise, with current landfill activity GHG emissions at 243 million t CO 2 e / year, AD systems would save on the order of 146 to 153 million t CO 2 e per year. Fig. 2 incorporates annual values from Table 4 plus "single event" construction energy requirements and compares current landfilling with digester systems on a cumulative energy consumed basis. Over a 50-year period, landfills are projected to require 37 million TJ, whereas nationwide implementation of ADs is projected to achieve 41 percent reduction with a requirement of 22 million TJ. As described previously, incremental increases in net energy consumption during years 1 and 25, due to digester construction are also shown on Fig. 2 . However, the effect of AD construction ͑354,000 TJ͒ is slight compared to cumulative energy requirements of 424,000 TJ per year for operation of nationwide AD facilities.
Comparison of Net Energy and Carbon Emission
A comparison of GHG emissions associated with landfilling and AD systems is shown in Fig. 3 . Each year, landfills emit 243 million t CO 2 e, whereas AD systems would be responsible for 90 million to 97 million t CO 2 e, dependant on offset emission credit for natural gas or coal. The emissions from construction of the biodegradation facilities are assumed to occur entirely in the first year, followed by a similar event during year 25 due to replacement of digester facilities. GHG emissions from construction events during years 1 and 25 result in instantaneous emissions which are nearly imperceptible on Fig. 3 , since annual GHG emissions from AD facilities ͑97 million t CO 2 e͒ are roughly triple the magnitude of AD construction ͑27 million t CO 2 e͒. However, implementation of ADs would achieve annual emission reductions on the order of 146 million t CO 2 e / year compared to current landfilling activity. This represents a 1.9% reduction in total annual U.S. GHG emissions, which were 7054 Tg CO 2 e in 2006 ͑U.S. EPA, Office of Atmospheric Programs 2008͒. After 50 years, the use of ADs would reduce GHG emissions by 7.2 billion t CO 2 e.
From Table 4 , the greatest opportunities to further reduce energy requirements and GHG emissions from AD systems are associated with landfilling of rejected MSW and digestate. Potential energy and GHG savings on rejected MSW would mostly occur prior to the AD facility in the form of source separation to exclude recyclable materials and nonbiodegradable solid waste. Such action would reduce the amount of rejected MSW and resultant transportation and landfilling energy requirements, and GHG emissions would decrease. With respect to management of digestate, on-site process modifications could be beneficial. Heat and caustic posttreatment offers the potential to double the methane production and solids destruction ͑DiStefano and Ambulkar 2006͒. Also, wet sorting and separation posttreatment of digestate could be considered to produce refuse derived fuel and obtain recyclable fractions and thus greatly reduce the amount of digestate to be landfilled ͑Organic Waste Systems 2008͒.
Economics of Anaerobic Digester Systems and Landfills
A simple analysis suggests that carbon credits on the order of $30-$60/t CO 2 e saved would achieve break-even economics for AD systems in the U.S. With amortized construction costs of $3.57 billion, $5.34 billion, or $6.85 billion ͑$62.2 billion, 25 years, i =3,7,10%͒ and operating costs of $3 billion/year, equivalent annual costs of nationwide AD systems would range from $6.5 to $10 billion. As discussed previously, if renewable electricity from biogenic methane would be valued at $1.5 billion, net equivalent annual costs would range from $5 to $8.5 billion. From Table 4 , AD systems are projected to save 146 million to 153 million t CO 2 e / year. Dividing the equivalent annual costs by annual CO 2 e savings results in a credit on the order of $30-$60/t CO 2 e saved. This break-even carbon credit assumes no carbon tax on landfill emissions. Alternatively, electricity from AD systems would satisfy a portion of renewable electricity standards, which have been adopted by 25 states and Washington, D.C. ͑Cory and Swezey 2007͒. Each participating state has mandated a minimum percentage of total electricity consumption that must be provided by renewable energy sources. Implementation of a nationwide Renewable Energy Credits ͑REC͒ trading program would enhance the value of electricity from AD systems.
With respect to current landfilling in the United States, EIO-LCA indicates that 127 million t MSW/year is responsible for 192 million t CO 2 e ͑from methane͒, which is primarily associated with landfilling. Potential carbon emissions tax values ranging from $15-$50/t CO 2 e would increase tipping fees on the order of $23-$76/t MSW. For example 192 million t CO 2 e ϫ $15/t CO 2 e/127 million t MSW Given that tipping fees in the U.S. range from $22-$88/t MSW, fees after imposition of a carbon tax would range from $44-$165/t MSW. Tipping fees on the order of $100/t are similar to those in the European Union and would, of course, further improve the economic comparison between landfills and AD systems beyond the carbon emissions credits described previously.
Conclusions and Limitations
The life-cycle net energy requirements and emissions produced by current landfill activity were determined and compared to the hypothetical nationwide implementation of AD facilities for biodegradation of MSW to methane. A hybrid EIO-LCA model facilitated projections that AD systems would result in energy and emissions savings of 324,000 TJ/year and 146 million to 153 million t CO 2 e / year, respectively, over current landfill activity. This is equivalent to nationwide emissions reduction of 1.9%, compared to U.S. GHG emissions in 2006. If continued for 50 years, AD systems are projected to reduce cumulative energy consumption by nearly 15 million TJ and reduce emissions by 7.2 billion t CO 2 e, if biogenic methane replaces natural gas for electricity production.
Management of the organic fraction of MSW in ADs would produce a form of renewable energy, reduce emissions, save landfill space for nondegradable materials, and is therefore, a more sustainable practice than landfilling. Clearly, the implementation of appropriate policy would be necessary to overcome the significant economic and logistical challenges to implement nationwide AD systems. Based on equivalent annual cost estimates of $6.5 billion-$10 billion and annual GHG emissions savings of 146 million t CO 2 e per year, a carbon offset credit on the order of $30-$60/t CO 2 e would achieve break-even economics for nationwide implementation of AD systems. Alternatively, implementation of a nationwide REC program would improve the economics of AD systems compared to landfills. Also, landfill emissions carbon tax on the order of $15-$50/t MSW would further improve the economics of AD systems.
It must be noted that the EIO-LCA model operates at an "aggregate" level ͑Hendrickson et al. 2006͒; and may not represent some activities ͑such as construction of AD systems͒ adequately. Therefore, estimated costs, energy requirements, and GHG emissions developed herein should be considered appropriately.
